ABSTRACT Some new approaches to the kinetic study of the reduction of cytochrome aa3 by cytochrome c are presented. The primary innovations are the use of a spectrometer which can acquire multiwavelength data as fast as every 10 ps, and the application of a variety of analytical methods which can utilize simultaneously all of the time-resolved spectral data. These techniques include singular value decomposition (SVD), deconvolutions based on pure Gaussian models for absorption peaks, deconvolutions based on isolated absorption spectra for the pure components, and simulations of SVD-deduced and actual experimental difference spectra. The reduction characteristics of the anaerobic resting enzyme can be distinguished from those of pulsed forms. In the former case, only two electrons can be bound by cytochrome aa3, whereas in the latter case complete reduction of the enzyme is achieved.
INTRODUCTION
Cytochrome aa3 is the terminal member of the respiratory chain. It accepts four electrons from cytochrome c and reduces a molecule of 02 to form H20. The energy released in this electron transfer is used to pump protons across a membrane, forming an electrochemical potential for protons, which drives the synthesis of ATP (see Wikstrom et al., 1981) . During the process of loading of oxidized cytochrome aa3 with electrons from cytochrome c, all of the spectra from the oxidized and reduced forms of all of the intermediates overlap and grow and diminish with rate constants, which themselves may not be the same under all conditions. To understand the individual kinetic steps in the process, a powerful means of deconvolution must be employed. Facing a similar situation during studies of the potentiometric behavior of cytochrome aa3, we have found that the availability of complete optical spectra, rather than only single or double absorbances at discrete wavelengths, and the application of analytical techniques, capable of using all of the spectral data, were invaluable in the deconvolution of overlapping spectra into the individual components (Shrager and Hendler, 1982; Hendler et al., 1986) . The purpose of the present investigation was to re-examine the kinetics of cytochrome aa3 reduction by cytochrome c, using a new kind of spectrometer which can acquire continuous spectra rapidly in time from a single sample, and a group of analytical techniques capable of utilizing all of the spectral information. With these new approaches we have been able to confirm earlier findings on the kinetics of transfer of the first electron from cytochrome c to cytochrome a, and to extend the kinetic treatment to follow the binding of all four electrons to the pulsed form of cytochrome aa3.
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EXPERIMENTS AND COMPUTATIONS General
Cytochrome aa3 was isolated from beef heart by the method of Yoshikawa et al. (1977) as described in Pardhasaradhi et al. (1991) . The turnover number was determined in two ways. The rate of cytochrome c oxidation as a function of cytochrome c concentration (from 5 to 40 ,uM) was measured spectrophotometrically at 550 nm, in a solution containing 5 nM cytochrome aa3 and 50 mM potassium phosphate at pH 7.4 and 22°C. The measured Km was 5-10 ,uM. Alternatively, the initial rate of 02 uptake was measured polarographically with a Clark-type electrode (YSI-5331; YSI, Inc., Yellow Springs, OH) in a solution containing cytochrome c (5-40 ,uM), ascorbate (1 mM), N,N,N',N'-tetramethyl-p-phenylenediaminedihydrochloride (TMPD) (100 ,uM), and 62.5 ,LM cytochrome aa3 in 50 mM potassium phosphate at pH 7.4 and 22°C. The turnover number was 40-50 s-1 in both assays and is comparable to published values under the same conditions .
Description of the spectrometer and stopped-flow apparatus
The spectrometer was developed and built at the National Institutes of Health (NIH) in collaboration with Walter S. Friauf, John Cole, and Paul D. Smith of the Biomedical Engineering and Instrumentation Program, National Center for Research Services (NCRR), NIH, and Hal A. Fredrickson of the Computer Systems Laboratory, Division of Computer Research and Technology (DCRT), NIH. The instrument will be described in detail in a separate publication. Only essential details about its capabilities and operation will be described here. Two separate 1/4-m spectrographs with ruled gratings (Oriel Corp., Stratford, CT, Models 77200 and 77233 (1200 lines/ mm)) were used. The spectrographs were modified to accept two 46-photodiode arrays (s4112-46Q; Hamamatsu, Bridgewater, NJ) as detectors.
Each spectrograph was capable of covering a spectral range of 130 nm with a resolution of 2.9 nm. To achieve the most rapid throughput of data, each photodiode (or channel) was provided with its own 12-bit A/D converter (AD1678; Analog Devices, Norwood, MA) and 1024-deep FIFO buffer (IDT 7202; Integrated Device Technology, Santa Clara, CA). The time for data acquisition was set at 8.6 ,ls, and the readout of accumulated charges at 1.4 ,us, allowing for a maximum time resolution of 10 ,us. The operation of the spectrometer was under computer control. Although all of the spectra taken in the present work used the 10-,gs interval, the data collection period could be increased as needed. In a single experiment, up to 1024 spectra can be acquired either continuously or with timed intervals between spectra varied from 10 p,s to 21 s. Each channel was individually calibrated with known transmittance neutral density filters to allow conversion of transmittance to absorbance. Electronic circuitry controlled and coordinated the operation of the stopped flow apparatus and the start of data acquisition and conversion.
The stopped-flow apparatus ("Aminco-Morrow") was purchased from the American Instrument Co., Silver Spring, MD (now SLM-Aminco, Urbana, IL). Each of the two cylinders of this instrument is connected to a Hamilton gas-tight two-way valve. This allows the cylinder to be communicative with either an external syringe connected to the valve or with the reaction chamber where the kinetics are observed. To help ensure anaerobiosis we made the following modifications. The two-way Hamilton valves were replaced by three-way valves which allowed communication between the cylinders of the stopped flow device and specially constructed anaerobic bottles. The bottles (--17 X 80 mm) had 10-ml capacities and were built in the glass and instrument shops at NIH. They were individually connected to the stopped-flow cylinders by stainless steel tubing and Swage-Lok fittings. Each bottle contained a magnetic "flea" and sat above a magnetic stirring motor. A sidearm at the bottom of each bottle contained an 02 electrode (Model MI-730; Microelectrodes, Inc., Londonderry, NH). The electrodes were individually connected to an 02 meter (Model OM-4; Microelectrodes, Inc., Londonderry, NH). The outputs of the meters were sent to two channels of a chart recorder for continuous monitoring of 02 levels in the bottles. The bottles were provided with two separate means for passing N2 gas into and above the solution. A long hypodermic needle was inserted into a gas-tight port at the top of the bottle. This needle could be raised and lowered into and out of the solution. Gas could be either bubbled through the buffer or played on top of the solution. The needle was also used to introduce components into the solution. A separate flow of gas was continuously maintained through the bottle from an additional side arm.
Experimental protocol 10 ml of 50 mM potassium phosphate, pH 7.4, was taken into each of two glass syringes and the syringes were inserted, without their plungers, into the external Luer-lok outlets of the three-way gas-tight Hamilton valves attached to the cylinders and anaerobic bottles of the stopped-flow apparatus. Nitrogen gas (99.995% minimum purity) was passed through both the hypodermic needles and sidearm inlets of the empty anaerobic bottles and then through the Hamilton valves to the buffers in the open glass syringes for 15 min. In this way, the bottles, connecting lines, and buffers could be purged simultaneously. The plungers were then fixed to the syringes and the buffers forced through the gas-tight valves, directly into the reservoir bottles. The valves were then closed and N2 was passed both over and directly through the solutions in the bottles, until the 02 electrodes recorded zero signal. The solutions were then transferred directly to the cylinders of the stopped-flow device and immediately back to the anaerobic bottles. A small 02 reading was noted in the solution, which decreased to zero as the gas flow continued. The process was repeated a few times until no 02 reading was observable. Anaerobic buffer (-3 ml) was then passed to the cylinder, and afterwards expelled through the reaction chamber. This process was repeated a second time, leaving -4 ml of buffer in the bottles. The hypodermic needle was raised to just above the buffer solution and stock solutions of the reactants were introduced to each side as N2 was continuously flowed through the side arms. One side received 42 ,ul of 1.0 M cytochrome aa3, and the other 105 ,ul of 1 mM cytochrome c and 45 ,ul of 0.5 M ascorbate. The solutions were held until the 02 electrodes showed zero readings, and then each cylinder was loaded with the anaerobic reactants. The reactant solutions were mixed in a 1:1 ratio producing final concentrations of close to 2.3 p.M cytochrome aa3, 12.5 p.M cytochrome c, and 5.0 mM ascorbate.
Oxygen integrity of the system
When an 02-free solution was taken into either of the working cylinders of the stopped-flow device, and immediately dispelled back into the anaerobic reservoir, -0.4 p.M 02 was observed in the solution. What proportion of this [021 was acquired from the cylinder or while in transit between the cylinder and reservoir cannot be said. Upon remaining in the cylinder, the solution acquired 02 at a rate of -7 nM/min. When it was desired to introduce low levels of 02 into the system, the solution was taken directly from the cylinder into a plastic syringe attached to the cylinder block through a Hamilton gas-tight valve and held for a period of time before being returned to the cylinder. The 02 concentration of the solution increased at a rate of 0.2-0.3 ,uM min-' as a result of the transfer of 02 through the plastic wall of the syringe. The immediate transfer of solution from the cylinder to the plastic syringe and back introduced a level of 0.2-0.3 p.M 02 to the solution.
Computations
Singular value decomposition uses all of the spectral and kinetic information to define transitions occurring in time, in terms of difference spectra and kinetic constants. It does not identify, however, the individual molecular species undergoing the transitions. A major challenge is to deconvolute the experimentally obtained combined spectra into individual spectra for the reduced and oxidized species of cytochromes a, a3, and c. The problem is that individual model spectra for isolated cytochromes a and a3 are not available. TWo separate computational approaches were used to deconvolute the kinetic data into changes for the individual cytochromes. Both are based on the use of the pseudoinverse operator of linear algebra, and are described in a separate paper (Hendler and Shrager, 1993) . In principle, if fundamental component spectra are known and included as columns in a matrix, D, the titration profiles can be computed in a matrix, F, whose transpose is obtained by multiplying a matrix of raw experimental spectra AB by the pseudoinverse of matrix D. In the present work, both Gaussian shapes and deduced whole spectra for cytochromes a and a3 were used. Additional details will be provided upon request.
Other
All computations and curve fitting were performed on a PC using either 386-MATLAB (The MathWorks, Inc., Natick, MA) or MLAB (Civilized Software, Inc., Bethesda, MD). All of the figures were produced using MLAB.
RESULTS
Analysis of trends of reduction for heme a and a3 centers using deconvolutions based on Gaussians
The reduction of cytochrome aa3 by cytochrome c, under anaerobic conditions was followed for 25 min, using 10-,us data collection windows for acquiring spectra separated by a series of increasing time intervals. The entire series was comprised of 864 spectra. For the first 33 s, 754 sequential spectra were collected. During the later times, where very little change was occurring, groups of 10 spectra each were collected, spaced by relatively large time intervals.
The Gaussian analysis technique was used to help determine the extent and nature of the changes occurring throughout the entire time course. Fig. 1 D shows that in the first time sample, the enzyme was nearly 25% reduced and this was completely accounted for by cytochrome a. It is also seen that in the dead time of the instrument (-3 ms), -2.2 ,uM cytochrome c was oxidized. Therefore, in the first kinetic phase, which was mostly completed in the dead time of the stoppedflow apparatus, one electron equivalent was transferred from cytochrome c to cytochrome a. However only one half of the cytochrome a was reduced (i.e., the percent of total reduction The reduction of resting cytochrome aa3 by cytochrome c was followed over a 25-min period. One cylinder of the stopped-flow apparatus contained oxidized cytochrome oxidase and the other ascorbic acid and reduced cytochrome c. After mixing, the concentrations were 2.1 ,uM, 12.5 ,uM, and 5 mM, respectively, for cytochrome aa3, cytochrome c, and ascorbate. The buffer was 50 mM potassium phosphate at pH, 7.4. Spectra were collected in 10-,us windows with spacings staggered from 1 ms in the early part to 100 ms, at 10 ms to 3 s, at 100 ms to 393 s, and at 1 s to the end. -in' Time of cytochrome aa3 accounted for by cytochrome a (pcta) = 25% instead of 50%). This most likely means that the one electron was time-shared between heme a and CUA. The electron transfer from cytochrome c to cytochrome a continued at a slower pace with a maximum level of cytochrome a reduction (i.e., pcta = -33%) reached at -2.5 s (Figs. 1, C and B). Thereafter, pcta declined to 22% as pcta3 (i.e., the percent of total reduction of cytochrome aa3 accounted for by cytochrome a3) rose from 8 to 29%, indicating electron transfer from a to a3 (Fig 1 A) . During the long incubation (i.e., 25 min), plateaus of -50% for the total level of reduction of cytochrome aa3 and -25% each for pcta and pcta3 were approached ( Fig. 1 A) . When the enzyme is 100% reduced, each heme a and heme a3 account for 50% of the total heme absorbance (i.e., pcta = pcta3 = 50%). Therefore, the 25% levels shown in Fig.  1 each account for one half electron equivalent. The level of cytochrome aa3 reduction increased from 25% at zero observation time (one electron bound) to -50% at the end of 25 min. If two electrons were bound and a total of only one electron is accounted for by the levels of heme reduction, it appears that for the resting enzyme, under anaerobic conditions, electron transfer from cytochrome c to cytochrome aa3 is severely inhibited when each of the two heme-Cu pairs contain and share one electron. It is important to note that this was true even though fully reduced (12.5 AM) cytochrome c was present.
At the end of the time course shown in Fig. 1 (i.e., at 1500 s), a small amount of 02 was allowed to enter the system by opening and closing the external valve that connects to the take-up syringe. The effects of this action are shown in Fig.  2 , where the entire incubation is presented. The first spectrum taken after opening the valve (at 1500 s) shows an abrupt increase in the level of reduction of cytochrome a accompanied by a concomitant oxidation of cytochrome c and no increase in the level of reduction of cytochrome a3. Afterwards, pcta declined as pcta3 rose. The level of reduction of cytochrome aa3 was -90% and still rising at the end of the observation period, while an apparent transfer of electrons from cytochrome a to cytochrome a3 was in progress.
In order to obtain more information on the precise effects of 02 on the kinetics of the reduction processes, a series of .0 %. W .0 %.P-""I pi pi, %. experiments were performed with gradually increasing amounts of 02 present. Fig. 3 Analysis of trends of reduction for heme a and a3 centers using deconvolutions based on spectra
The same experiments shown in Fig. 3 (Fig. 4 C) . In these deconvolutions, the starting level of reduced cytochrome a is at the one half level as seen in the time courses with lower amounts of 02 present, and the level of reduced cytochrome a3 is not negative (cf. Fig. 3 ).
Comparison of simulated and actual difference spectra to help Identify electron transfers events
The full application of SVD requires fitting of the vectors of the Vmatrix by a mathematical model (Hendler and Shrager, 1993 electron transfers by the Gaussian analysis (Fig. 5) , but low enough to obtain satisfactory fits with the multiexponential model. Fig. 6 A shows the difference spectrum, obtained from SVD, for the initial fast process, which was identified above as c--a. A corresponding difference spectrum (5.5-0 ms) taken from the raw data is shown in Fig. 6 B. The negative peaks at 410, 520, and 550 nm represent the oxidation of cytochrome c and the positive peaks at 446 and 605 nm, the reduction of cytochrome a. Fig. 7 A shows an oxidized minus reduced difference spectrum for pure cytochrome c. A simulated difference spectrum for an electron transfer from cytochrome c to cytochrome a was constructed from the difference spectrum for cytochrome c shown in Fig. 7 A, and the difference spectrum for cytochrome a deduced by the Gaussian procedures. This simulated difference spectrum for c->a shown in Fig. 7 B, is quite similar to the two shown in Fig. 6, A and B . Fig. 6 C shows the differ-FIGURE 4 Effects of 02 on the time course of cytochrome aa3 reduction analyzed by the pseudoinverse deconvolution using spectra: The experiments shown in this figure are the same as those shown in Fig. 3 . The ordinate is in units of reduced heme groups in cytochrome aa3. The solid, dashed, and dotted lines represent total heme, heme a, and heme a3, respectively, as in Fig. 3 . The [c3+] line shows the amount of cytochrome c oxidized, in electron equivalents to heme groups. Thus, for these experiments with 2.5 ,uM cytochrome aa3 present, the 12.5 ,uM cytochrome c equals 12.5/2.5 = 5 electron equivalents. ence spectrum deduced by SVD for the transfer identified by the pseudoinverse deconvolution techniques as a-a3. A difference spectrum (480-20 ms) obtained from the actual data is shown in Fig. 6 D. A negative peak is seen at 606 nm in both spectra. This is consistent with a transfer of electrons from cytochrome a to cytochrome a3. If both cytochromes a and a3 contributed equally to the Soret region, there should be no change at 446 nm. However comparing Fig. 6, C and D, to Fig. 7 A for pure cytochrome c, shows that some positive absorbance has been added to the 446-nm region. A simulated difference spectrum for the transfer of an electron from cytochrome a to cytochrome a3 was produced from the individual deduced difference spectra by the Gaussian procedures. To account for the rise in absorbance at 446 nm seen in Fig. 6 , C and D, the contributions of cytochromes a3 and a to the 446-nm region were set at 60 and 40%, respectively. This difference spectrum was then added to the oxidized minus reduced cytochrome c spectrum shown in Fig. 7 A. The resulting simulated difference spectrum is shown in Fig. 7 C. It is remarkably similar to the experimental spectra shown in Fig. 6 , C and D. Simulations were also made using the dif- erence spectra for cytochromes a and a3 obtained from the procedures based on whole spectra (Computations Section). The difference spectrum obtained in this manner is shown in Fig. 7 D. It too, resembles the spectra shown in Fig. 6 , C and D. The difference spectrum obtained by SVD for the apparent a3->a electron transfer is shown in Fig. 6 E, and Fig. 6 F shows the corresponding difference spectrum, 15-2 s, obtained from the raw data. In Fig. 6 E, the increase in absorbance at 605 nm occurred with a decrease at 446 nm. This is consistent with the observations on the a--a3 electron transfer, where it was concluded that the Soret absorbance is somewhat stronger in cytochrome a3 than in cytochrome a. The difference spectrum shows the increase at 605 nm, but the trough at 446 nm is not evident. The difference spectrum using raw data is contaminated by other changes overlapping the same time span, whereas the SVD spectrum represents a unique process. At any rate, the absence of a prominent peak at 446 nm in the difference spectrum shows that the process is not just the simple binding of electrons to either or both of cytochromes a and a3. In this time span, cytochrome c is simultaneously undergoing reduction by ascorbate (tau = -6 s). The simulated difference spectrum for a3--a, based on Gaussians is shown in Fig. 7 E, and the one based on whole spectra is shown in Fig. 7 F. Both of these simulated spectra are very similar to the SVD obtained spectrum in Fig. 6 E, attributed to the a3--a electron transfer.
The comparisons of all of the difference spectra obtained by SVD, the use of experimental data, and two different kinds of simulation, support the conclusion reached using the Gaussian analysis procedure that a transfer of electrons from cytochrome a3 to cytochrome a may have occurred. However, as we discuss below ("Discussion") there is an alternative explanation for this observation. Wavelength (nm) FIGURE 6 Spectral changes for major electron transfer events in the reduction of cytochrome aa3 by cytochrome c: Difference spectra for specific kinetic phases were obtained by SVD analysis (left-handpanels) and compared with actual difference spectra obtained from the raw data, over time spans appropriate to the time constants for the particular kinetic phases obtained by the SVD analysis (right-handpanels). The data used were from the experiment shown in Fig. 5 .
Determination of kinetic constants for electron transfers using SVD
The SVD analysis produces a matrix of time course eigenvectors for each of the principal basis spectra. These kinetic vectors are then simultaneously fit to a sum of exponentials plus a baseline. A summary of the phases seen for the resting enzyme under the most anaerobic conditions is presented in Table 1 . The first phase is so rapid that most of it occurs in the dead time (-3 ms) of the stopped-flow apparatus. The pseudo first order kinetic constant, -200 s-1, corresponds to a time constant between 3.1 and 8.4 ms. The second order kinetic constant is -2 X 107 M-1 s-1. The SVD and Gaussian analyses identify this step as an electron transfer from cytochrome c to cytochrome a. Although SVD discerned (at least) five kinetic phases with the resting enzyme, most of the electron transfer occurred in the first and fifth phases. In the fifth phase, the Gaussian analysis identified an electron transfer from cytochrome a to a3. Fig. 1 shows that in addition to the specific electron transfers seen in the first and fifth phases, there was a continuing slow net addition of electrons from cytochrome c to cytochrome aa3, which increased the level of reduction from -25% at the start to -50% at the end. Wavelength (nm) FIGURE 7 Simulations of spectral changes for the major electron transfer events in the reduction of cytochrome aa3 by cytochrome c: A shows an oxidized minus reduced difference spectrum obtained with 12.5 JIM cytochrome c. B, C, and E, were constructed by combining the difference spectrum ofA with simulated difference spectra for cytochrome a (sima) and for cytochrome a3 (sima3). The simulated spectra for cytochromes a and a3 were made by using pure Gaussian shapes with midpoints at 446.5 and 606.4 and the corresponding half-height widths. For sima, the ratio of amplitudes at 605 and 446 nm was set at 0.24 and for sima3, it was 0.0484. Simulated difference spectra for a-*a3 and a3-*a electron transfers were made using sima3 and sima in a ratio of 1.5 to 1.0 (i.e., 60% Soret absorbance for a3 and 40% for a). The simulated difference spectrum for c-*a (B) was made by adding sima to the spectrum of panel A. The simulated spectrum for a--a3 (C) was made by adding the simulated difference spectrum for electron transfer from a to a3 to the spectrum of A, and the simulated spectrum for a3-*a was made by adding the simulated difference spectrum for electron transfer from a3 to a to the inverse of the spectrum of A. The simulated spectra in D and F were constructed similarly to the corresponding panels (C and E), except that instead of using Gaussians, the deduced spectra for cytochromes a and a3. Table 2 shows a summary of four series of experiments with the pulsed enzyme, which is operationally defined as the form of the enzyme in which the two hemes become totally reduced. In addition to this distinction between the two forms of the enzyme, other differences are evident. 1) Four distinct kinetic phases are seen, in which significant electron redistribution takes place. 2) The second phase, in which an electron is transferred from cytochrome a to a3, displays a rate constant about two orders of magnitude higher than seen for this transfer with the anaerobic resting enzyme. 3) There is a phase (number 3) which indicates a possible electron trans- The data were averaged from three experiments in which the total level of reduction of cytochrome aa3 was 50% (i.e., a total of one reduced heme) and in which the Gaussian analysis showed the time courses for electron distributions as illustrated in Fig. 1 . The values for the kinetic and time constants were obtained by simultaneously fitting the time course vectors obtained in the SVD deconvolutions. The first phase kinetic constant is a pseudo-first order constant for a cytochrome c concentration which changed from 12.5 to 10 iM. Using a value of 11.2 iM, produces a second order rate constant of 2 X 107 M'1 s-1. The amounts of reduced heme a and a3 were obtained from the Gaussian analysis by equating 50% "pcta" and 50% "pcta3" each to one heme a and one heme a3.
fer from cytochrome a3 to cytochrome a. In series 2b, an attempt was made to preform the pulsed enzyme prior to its mixing with reduced cytochrome c in the stopped-flow apparatus. To the anaerobic holding vessel containing the 20-nmol oxidized enzyme, 400 nmol of ascorbate, and 40 nmol of cytochrome c, 0.8 ml of air-saturated buffer (200 nmol 02) was added in four steps (0.2 ml each). A final 0.6 ml of buffer (150 nM 02) was then added, and the solution was flushed with N2 until the 02 electrode returned to a zero reading. The table shows that this treatment did speed the rates of the first two phases.
DISCUSSION
In the first part of the discussion we will point out where the findings in the current work overlap those of earlier studies. Then some of the newer implications revealed in the present work are considered. In general, we hope to demonstrate that the techniques described here will be useful in the further study of this and similar kinetic processes in which many different spectra overlap.
Agreement of current findings with past studies
There is universal agreement that the first step in the reduction of cytochrome aa3 by cytochrome c is the rapid bimolecular transfer of an electron from cytochrome c to cytochrome a and/or CUA. The bimolecular rate constant is reported to be -5 X 106 M-1 s-1 in 0.1 M phosphate at pH 7.4 and up to _108 M-1 s-1 at low ionic strength (Brunori et al., 1988) . In a summarization of past work, Wikstrom et al. (1981) make the following points. Only a single electron appears to be transferred by cytochrome c in the initial burst, regardless of the c/aa3 ratio, and the single electron appears to be shared equally between heme a and CUA. The second phase in the resting enzyme is much slower (k = -0.5 s-1) (6) (6) (6) The kinetic data in the upper part of the table are averages of the number of experiments shown in parentheses. Four series of experiments are shown (rows) for which four kinetic phases were seen (columns). The first series included timecourses from 190-ms to 135-s duration. Only the first and second constants were resolved in incubations shorter than 1.4 s. Series 1, 2a, and 3 were conducted without pretreatment of the enzyme. For series 2b the enzyme was pretreted with reduced cytochrome c and 02 as described in the text. The lower part of the table shows average amounts of each heme reduced at the end of each of the four kinetic phases determined by both the pseudoviruses deconvolution using Gaussians (PD-Gaussians) and using spectra (PD-Spectra). The first phase is essentially the transfer of an electron from cytochrome c to cytochrome a, and the fourth phase is the completion of the reduction of both hemes by electrons donated from cytochrome c. As discussed in the text, the extents of the changes in the two middle phases are determined by the amount of 02 present. For the extends of hemes a and a3 reduction shown in the table, the experiment shown in Fig. 3 , C and 4C, was used. (Brunori et al., 1988) , and it involves the transfer of an elec-chrome c. Using our criterion that the resting enzyme can be tron from the heme a/CuA centers to the cytochrome a3-CuB reduced to only a maximum extent of 50%, even after many bimolecular center. Most stopped-flow studies concentrate seconds, the experiments of Gibson and Greenwood (1965) on the events of the first few hundred milliseconds. Gibson and of Andreasson et al. (1972) are listed as "resting enand Greenwood (1965) produced data at "infinity," which zyme." The second category, "pulsed enzyme," was used for was defined as 10 s. Table 3 presents a summary of past work cases where either a greater extent of reduction was seen, or on the kinetics of reduction of cytochrome aa3 by cyto-where no claim for rigorous anaerobiosis was made and/or Malatesta et al. (1990) * The designation "Resting Enzyme" rests on the demonstration that less than 50% reduction of the enzyme occurs after several seconds of incubation. For incubations < 1 s, this is not established. The work ofAndreasson (1975) is included because it was demonstrated in Andreasson et al. (1972) , that the criterion was met.
t The percent reduction is expressed for either both hemes (aa3) or for either heme (a) or heme a3 alone (a3). In all cases, the calculation was based on a reduced minus oxidized E = 22 mM'1 cm-1 at 605 nm and e = 148 mM-1 cm-' at 445 nm for both hemes in cytochrome aa3. For cytochrome a, either 80% of the 605-nm value or 50% of the 445-nm value was used. For cytochrome a3, 20% of the value at 605 nm was used. § The value of 3 is higher than the value of -0.05 reported here and of 0.5 reported by Gibson and Greenwood (1965) Gibson and Greenwood (1965) , and the other, 3 s-1, is from Antalis and Palmer (1982) . These values are intermediate between the values of 0.05 s-5 that we found for the anaerobic resting enzyme and 11.2 s-1 for the most active pulsed form.
Our finding that during the first 1000 ms of the time course for reducing cytochrome aa3 by cytochrome c, little more than one electron out of four (or five) is transferred is also consistent with earlier findings. It is important to reemphasize that the earlier research provides little or no experimental data on the sequential binding of the four electrons to the active redox centers of cytochrome aa3.
New findings in the current studies We find that the enzyme, in its resting state, binds only two electrons and that these appear to be held equally by all four centers, resulting in 50% reduction of each heme. The first electron is bound to the same extent and with essentially the same kinetics by both the anaerobic resting and the pulsed (02 exposed) enzyme (Tables 2 and 3 We have observed an "apparent" backflow of electrons from cytochrome a3 to cytochrome a, with a time constant of 7-8 s, under our conditions. Although there is a valid reason for expecting such an event to occur (see Hendler and Westerhoff, 1992) , there is an alternative explanation for the observed phenomenon. The appearance of the backflow phenomenon is made more pronounced by the presence of 02. In fact, the more the 02, the greater the apparent a3 to a electron transfer. Also, the magnitude of the phenomenon is correlated to the magnitude of a concomitant cytochrome c oxidation (Figs. 3 and 4) . The scheme in Fig. 8 can provide an explanation for these observations. The top of the figure shows events with the resting enzyme, in the absence of 02. Only two electrons can be bound to the enzyme, and the a to a3 transfer takes place with a kinetic constant of -0.05 s-'.
In the presence of 02, the half-reduced enzyme is brought into the cycle shown below the dotted line. In this cycle, the combination of steps 7 and 8 gives the appearance of an a3 to a electron transfer, when in reality, the electrons leaving a3 go to 02 and the electrons going on to a come from c. The same phenomenon will result from a combination of steps 10 and 11. The operation of this cycle results in the consumption of cytochrome c. When the 02 iS consumed, the fully oxidized enzyme can proceed along two possible routes. If a sufficient number of turnovers has occurred, the enzyme transforms to the pulsed form and proceeds to 100% reduction. If (Kojima and Palmer, 1983; Nicholls and Wrigglesworth, 1988; Di Cera, 1990; Nicholls, 1990; Hendler and Westerhoff, 1992) , a temporary reversal of electron flow between cytochromes a and a3 may still occur, and play an important role in the proton pumping process. A problem whose solution is not apparent in this scheme, is why the cytochrome a to a3 electron transfer process is seen with a time constant near 0.1 s with the pulsed enzyme, if 02 can only be bound in step 4 after the formation of the half reduced enzyme at -20 s. What is needed is for 02 to be bound by the enzyme holding only a single electron, so that the transformation by 02 could happen much sooner. Evidence that the less reduced enzyme can bind 02 has been presented (Shaw et al., 1978; Brzezinski and Malmstrom, 1985; Hendler, 1991) .
Other considerations
It is known that the measured kinetic constants, after the binding of the first electron, are too low to account for the turnover of the enzyme. There are many factors which influence these rates. Two are the presence of appreciable levels of 02, and the pulsed versus the resting state of the enzyme. For example, we have found that the rate constant for the cytochrome a to a3 electron transfer was 0.05 s-1 for the anaerobic resting enzyme and 3-11 s-5 for various forms of the pulsed enzyme. With the pulsed enzyme, 10 turnovers just prior to the kinetic experiment, increased the first and second rate constants by factors of two to three. Another problem is the inability to maintain a constant rate of electron flow from cytochrome c throughout the whole time course. Ideally a very large c/aa3 ratio should be used, but this makes it difficult to resolve the smaller aa3 absorbances from the background of c absorbance. The presence of TMPD could help maintain an electron supply to c from ascorbate, but its optical contributions further complicate the resolution problem. We have chosen to use a supply of ascorbate without TMPD, but the slow time constant for the transfer of electrons from ascorbate to c (-6 s-1) allows c to become limiting during the incubation. In spite of these problems, or challenges, the kinetic approach is valuable for helping to define the sequence of events during electron loading of the enzyme. This knowledge is essential in helping to set up a model that can account for the coupled electron and proton flows as the enzyme turns over in a membrane.
Future studies
To pursue the questions raised in the current work it is required that an instrument with increased capabilities be used. This instrument must be able to ensure complete 02 exclusion whenever required. Adouble-mixing capability with rigorous control over the incubation period between the first and second mixings is needed to allow the prior formation of cytochrome aa3 with limited and known electron content, and the subsequent exposure to precise amounts of 02 at specific times. An instrument with these capabilities will be used to study conditions for formation of partially and fully pulsed states of the enzyme.
SUMMARY
1) The acquisition of multichannel kinetic data and their analysis by several types of global procedures are demonstrated.
2) The anaerobic resting enzyme can be reduced only to the extent of 50% regardless of the length of time of exposure to reduced cytochrome c. The two electrons are held equally among the two hemes and their associated Cu groups.
3) When a small amount of 02 is present, 100% reduction of the enzyme is obtained. The time scale for full reduction, however, is in tens of seconds.
4) The binding of the first electron exhibits a time constant of <10 ms, and is indistinguishable in the cases of resting and pulsed enzymes.
5) The transfer of electrons from cytochrome a to cytochrome a3 is clearly evident in all cases. The presence of 02 speeds this transfer.
6) A simultaneous oxidation of cytochrome a3 and reduction of cytochrome a is evident in cases where 02 iS present. This is most readily explained by the transfer of electrons from cytochrome a3 to 02, and from cytochrome c to cytochrome a.
